1. Introduction {#sec1-sensors-18-03249}
===============

1.1. Characteristic of Human MMP-9 {#sec1dot1-sensors-18-03249}
----------------------------------

MMPs are a family of zinc-dependent endopeptidases with more than 20 different members \[[@B1-sensors-18-03249]\]. MMP family members can be organized into several groups, such as gelatinases, collagenases, stromelysins, matrilysins and membrane-type MMPs \[[@B2-sensors-18-03249]\]. In particular, MMP-9, which plays vital roles in cancer cell invasion and tumor metastasis, is one of the most widely investigated MMPs. This review focuses on MMP-9, although it is not the only MMP member with vital roles in cancer development. Together with MMP-2, MMP-9 belongs to the gelatinase subgroup of the MMP family. Overexpression of MMP-9 has often been observed in different malignant tumors. Many studies have explored MMP-9 as a biomarker in different types of cancer. Additionally, various novel MMP-9 biosensors have been developed to detect this protein. In this review, we will describe some recent advances about exploring MMP-9 as a biomarker and MMP-9 biosensors.

The human MMP-9 gene is located at chromosome 20q13.12. This gene contains 13 exons and 12 introns. Human MMP-9 protein contains hemopexin-like domain, catalytic domain, signal peptide, the hinge region and propeptide region ([Figure 1](#sensors-18-03249-f001){ref-type="fig"}) \[[@B2-sensors-18-03249],[@B3-sensors-18-03249],[@B4-sensors-18-03249]\]. The catalytic domain of MMP-9 contains fibronectin type II (FN2) domains, active site and zinc-binding region. This protein contains two zinc ions and five calcium ions. As a member of zinc-dependent endopeptidases, MMP-9 requires zinc ion for its catalytic activity \[[@B3-sensors-18-03249],[@B5-sensors-18-03249],[@B6-sensors-18-03249],[@B7-sensors-18-03249]\].

Although some studies have already revealed the structural information about some domains of MMP-9, the structure of the complete enzyme is still not known. One reason that the structure of the complete enzyme is difficult to reveal is that some regions of MMP-9 are highly flexible, such as some parts of the hinge region. The hinge region confers flexibility between hemopexin-like domain and catalytic domain to MMP-9, which may be critical to the function of this enzyme \[[@B8-sensors-18-03249],[@B9-sensors-18-03249],[@B10-sensors-18-03249]\]. The catalytic domain of MMP-9 plays a critical role in the catalytic activity of this enzyme. Both active site and zinc-binding region within this domain are essential to enzyme activity. Additionally, the fibronectin domain is an important domain to MMP-9. This domain is important for some substrate binding and degradation \[[@B11-sensors-18-03249],[@B12-sensors-18-03249],[@B13-sensors-18-03249]\].

The MMP-9 hemopexin-like domain consists of a four-bladed β-propeller to form a barrel-shaped structure \[[@B3-sensors-18-03249],[@B9-sensors-18-03249]\]. The hemopexin-like domain of MMP-9 can interact with substrates, such as gelatin and collagen. This domain is important for specificity during substrate recognition \[[@B14-sensors-18-03249]\]. As natural inhibitors of MMP-9, some tissue inhibitor of metalloproteinases (TIMPs), such as TIMP-1, can bind to the hemopexin-like domain of pro-MMP-9 to form a tight complex which can prevent the activation of MMP-9 \[[@B2-sensors-18-03249],[@B15-sensors-18-03249],[@B16-sensors-18-03249],[@B17-sensors-18-03249]\]. The hemopexin-like domain of MMP-9 is relatively special, which may cause distinct biological roles of MMP-9 in cell function. The MMP-9 hemopexin-like domain forms a separate cluster during sequence alignment analysis of hemopexin-like domains of all human MMPs \[[@B18-sensors-18-03249]\]. Additionally, it shares low amino acid identity with hemopexin-like domains from other MMPs \[[@B19-sensors-18-03249]\].

In humans, some types of cells can synthesize and secrete MMP-9, which include neutrophils, macrophages, fibroblasts and endothelial cells \[[@B3-sensors-18-03249]\]. MMP-9 is synthesized as a pre-proenzyme with 19 amino acid N-terminal signal peptides within cells. Then, it is secreted into the extracellular environment as inactive pro-MMP-9 (about 92 kDa). Activation of MMP-9 requires cleavage by other proteases after pro-MMP-9 is secreted \[[@B3-sensors-18-03249],[@B5-sensors-18-03249],[@B20-sensors-18-03249]\]. Some proteases, such as MMP-3, can cleave inactive pro-MMP-9 to generate active MMP-9 (about 82 kDa) by removing the N-terminal propeptide region from pro-MMP-9 \[[@B21-sensors-18-03249],[@B22-sensors-18-03249],[@B23-sensors-18-03249],[@B24-sensors-18-03249]\]. A cysteine switch is vital to the activation of MMP-9. One cysteine (Cys99) residue in the propeptide of pro-MMP-9 can interact with the catalytic zinc ion of this protein. This interaction is required in the maintenance of MMP latency. The proteolytic removal of the propeptide region will completely disrupt this interaction. After activation, MMP-9 can cleave its substrates at MMP-9 cleavage sites. In addition to proteolytic activation, some agents can also affect the activity of MMP-9, such as some reactive oxygen species (ROS) and nitric oxide \[[@B25-sensors-18-03249],[@B26-sensors-18-03249],[@B27-sensors-18-03249],[@B28-sensors-18-03249],[@B29-sensors-18-03249]\]. ROS may perturb the interaction between the catalytic zinc ion and Cys99, which can cause MMP-9 activation.

Usually, to those MMP-9 substrates, the amino acid residue sequences surrounding the cleavage site determine whether this position can be efficiently cleaved by MMP-9 \[[@B30-sensors-18-03249],[@B31-sensors-18-03249]\]. The most common consensus sequence of these cleavage sites contains sequence Pro-X-X-Hy-(Ser/Thr) at P3 position through P2′ position (X represents any residue; Hy represents a hydrophobic residue; cleavage site locates between P1-P1′) \[[@B30-sensors-18-03249],[@B31-sensors-18-03249]\].MMP-9 was regulated by multiple levels of regulation, which include transcription, post-transcriptional regulation (miRNA regulation), translation, secretion of proMMP-9, post-translational regulation (proMMP-9 activation), and inhibition (TIMPs inhibition) \[[@B3-sensors-18-03249],[@B5-sensors-18-03249],[@B20-sensors-18-03249],[@B32-sensors-18-03249],[@B33-sensors-18-03249],[@B34-sensors-18-03249],[@B35-sensors-18-03249],[@B36-sensors-18-03249],[@B37-sensors-18-03249]\].

As one of the most widely investigated MMPs, MMP-9 is a significant protease which plays a vital role in many biological processes, such as wound healing \[[@B3-sensors-18-03249],[@B8-sensors-18-03249],[@B38-sensors-18-03249],[@B39-sensors-18-03249],[@B40-sensors-18-03249],[@B41-sensors-18-03249],[@B42-sensors-18-03249],[@B43-sensors-18-03249]\]. This protease has a broad range of substrates. The important substrates of MMP-9 include, but are not limited to, gelatin, collagen and elastin. MMP-9 can degrade many extracellular matrix (ECM) proteins through proteolytic cleavage to regulate ECM remodeling ([Figure 2](#sensors-18-03249-f002){ref-type="fig"}) \[[@B3-sensors-18-03249],[@B20-sensors-18-03249],[@B44-sensors-18-03249],[@B45-sensors-18-03249]\]. Additionally, some plasma membrane proteins are targets of MMP-9 \[[@B46-sensors-18-03249],[@B47-sensors-18-03249]\]. MMP-9 can specifically cleave extracellular domain of some cell surface proteins to release them from the plasma membrane ([Figure 2](#sensors-18-03249-f002){ref-type="fig"}). In extracellular space, some polypeptides can also be cleaved by MMP-9 \[[@B39-sensors-18-03249]\]. Moreover, MMP-9 could also cleave intracellular substrates after it was activated within cells \[[@B48-sensors-18-03249],[@B49-sensors-18-03249],[@B50-sensors-18-03249],[@B51-sensors-18-03249],[@B52-sensors-18-03249],[@B53-sensors-18-03249],[@B54-sensors-18-03249],[@B55-sensors-18-03249]\]. [Figure 2](#sensors-18-03249-f002){ref-type="fig"} summarizes some targets of MMP-9 in the extracellular space.

1.2. Biological Function of MMP-9 {#sec1dot2-sensors-18-03249}
---------------------------------

Because of its proteolytic cleavage activity in the extracellular environment, MMP-9 is involved in many biological processes. These biological processes include, but are not limited to, proteolytic degradation of ECM, alteration of cell-cell and cell-ECM interactions, cleavage of cell surface proteins and cleavage of proteins in extracellular environment ([Figure 3](#sensors-18-03249-f003){ref-type="fig"}) \[[@B3-sensors-18-03249],[@B20-sensors-18-03249],[@B39-sensors-18-03249],[@B44-sensors-18-03249],[@B45-sensors-18-03249],[@B46-sensors-18-03249],[@B47-sensors-18-03249],[@B56-sensors-18-03249],[@B57-sensors-18-03249],[@B58-sensors-18-03249],[@B59-sensors-18-03249],[@B60-sensors-18-03249],[@B61-sensors-18-03249],[@B62-sensors-18-03249]\]. MMP-9 plays a role in basement membrane degradation, since basement membrane contains collagens, including Type IV Collagen, which can be degraded by MMP-9 \[[@B56-sensors-18-03249],[@B57-sensors-18-03249],[@B58-sensors-18-03249]\]. During tumor development, basement membrane destruction is usually an essential step which supports tumor invasion and metastases.

1.3. MMP-9 and Cancers {#sec1dot3-sensors-18-03249}
----------------------

Several important processes of carcinogenesis, which include, but are not limited to, migration, invasion, metastasis, and angiogenesis, are closely related to the extracellular environment \[[@B63-sensors-18-03249]\]. Because MMP-9 plays an important role in ECM remodeling and membrane protein cleavage, it is found to be widely associated with cancer pathologies ([Figure 3](#sensors-18-03249-f003){ref-type="fig"}) \[[@B63-sensors-18-03249],[@B64-sensors-18-03249],[@B65-sensors-18-03249],[@B66-sensors-18-03249],[@B67-sensors-18-03249],[@B68-sensors-18-03249],[@B69-sensors-18-03249],[@B70-sensors-18-03249],[@B71-sensors-18-03249],[@B72-sensors-18-03249]\]. For instance, MMP-9 has been found to play a role in tumor invasion, metastasis and angiogenesis and to mediate tumor microenvironment \[[@B45-sensors-18-03249],[@B64-sensors-18-03249],[@B65-sensors-18-03249],[@B66-sensors-18-03249],[@B67-sensors-18-03249],[@B68-sensors-18-03249],[@B69-sensors-18-03249],[@B73-sensors-18-03249],[@B74-sensors-18-03249],[@B75-sensors-18-03249]\]. MMP-9 promotes cancer development and progression in most cases, and it can also play a suppressive role in cancer progression in some specific cases, such as colitis-associated colon cancer \[[@B76-sensors-18-03249],[@B77-sensors-18-03249],[@B78-sensors-18-03249]\]. In addition to cancers, MMP-9 is also associated with the pathologies of some other diseases, including autoimmune diseases and cardiovascular diseases, which will not be addressed in this review \[[@B17-sensors-18-03249],[@B79-sensors-18-03249],[@B80-sensors-18-03249],[@B81-sensors-18-03249],[@B82-sensors-18-03249],[@B83-sensors-18-03249]\].

Since MMP-9 is an important target for several cancers and some other MMP-9 related diseases, targeting MMP-9 is of very high value. MMP-9 inhibitor development is an important research area to achieve this goal. To date, there has been no successful specific MMP-9 inhibitor utilized in the clinic. Due to the similarity among different MMPs, achieving the specificity of an MMP inhibitor (including MMP-9 inhibitor) to avoid off-target effect to other MMPs is a strong challenge to MMP inhibitor development. We will not introduce detailed information about MMP-9 inhibitor in this review. Much research has discovered the value of MMP-9 as a potential biomarker in various cancers \[[@B84-sensors-18-03249],[@B85-sensors-18-03249],[@B86-sensors-18-03249],[@B87-sensors-18-03249],[@B88-sensors-18-03249]\]. In this review, we summarize some recent advances about exploring MMP-9 as a biomarker in different cancers.

2. MMP-9 as a Potential Marker for Cancer: Recent Discoveries {#sec2-sensors-18-03249}
=============================================================

Cancer biomarker research is a significant cancer research field. Cancer biomarkers can play an essential role in fields such as cancer diagnosis and prognosis, monitoring disease progression, predicting disease recurrence, monitoring and predicting treatment efficacy, and cancer screening. MMP-9 has been found to be a potential biomarker for several cancers \[[@B84-sensors-18-03249],[@B85-sensors-18-03249],[@B86-sensors-18-03249],[@B87-sensors-18-03249],[@B88-sensors-18-03249]\]. It could be explored as a biomarker in fields, such as diagnosis, treatment efficacy monitoring and disease progression monitoring. Cancer biomarker represents one promising application of MMP-9 research. Some biomarkers may lack sufficient specificity for clinical utility when they are used as a single marker. Using a combination of biomarkers is one strategy to increase the specificity of biomarkers. To achieve high specificity, MMP-9 can also be used in combination with other cancer biomarkers. In recent years, there has been much progress in cancer biomarker research about exploring MMP-9 as a biomarker for different types of cancer. Here, some recent research is summarized.

2.1. MMP-9 as a Potential Cancer Biomarker in Giant Cell Tumor of Bone (GCTB) {#sec2dot1-sensors-18-03249}
-----------------------------------------------------------------------------

Giant-cell tumor of bone (GCTB) is an aggressive primary bone tumor. Giant-cell tumor stromal cell (GCTSC) is the tumor cell of this type of tumor. Recent research detected expression of MMP-9 in GCTSC in peripheral tissue and central tissue of GCTB \[[@B89-sensors-18-03249]\]. In peripheral tissue, GCTSC usually displayed high MMP-9 protein levels in immunohistochemical staining assay and high mRNA expression. In the immunohistochemical analysis of this study, both pro-MMP-9 and active MMP-9 were detected. In central tissue, the MMP-9 staining grade of the multi-nucleated giant cell was high. This novel discovery indicates that MMP-9 is a potential biomarker of GCTB. Knowledge about biomarkers of GCTSC is vital for further research of GCTB.

2.2. MMP-9 as a Potential Cancer Biomarker in Non-Small Cell Lung Cancer (NSCLC) {#sec2dot2-sensors-18-03249}
--------------------------------------------------------------------------------

Non-small cell lung cancer (NSCLC) accounts for most of all lung cancers. Although several important biomarkers, such as epidermal growth factor receptor (EGFR) mutation, have already been discovered, it is important to discover novel biomarkers of NSCLC to improve NSCLC detection \[[@B90-sensors-18-03249],[@B91-sensors-18-03249]\].

One study evaluated the level of several matrix metalloproteases (MMPs) in an initial study cohort \[[@B92-sensors-18-03249]\]. The authors compared the serum MMP-9 level between patient group and healthy group (19 NSCLC cases and 19 healthy controls) by multiplexed immunoassays \[[@B92-sensors-18-03249]\]. Both pro-MMP-9 and active MMP-9 were detected in the immunoassay of this study. MMP-9 was found to be elevated in the serum of NSCLC patients compared to healthy controls. Moreover, after further evaluation using a larger sample set, the authors found that MMP-9 was a potential biomarker of NSCLC \[[@B92-sensors-18-03249]\]. The optimal diagnostic value of MMP-9 in a model which includes MMP-9, gender, age and smoking history was also calculated \[[@B92-sensors-18-03249]\]. This study indicates that MMP-9 is a potential biomarker for NSCLC diagnosis. Additionally, after combination with other biomarkers of NSCLC, MMP-9 can be a potential biomarker of NSCLC with significant value.

2.3. MMP-9 as a Potential Cancer Biomarker in Cervical Cancer {#sec2dot3-sensors-18-03249}
-------------------------------------------------------------

Cervical cancer is cancer that occurs in the cells of the cervix. This cancer is usually closely related to human papillomavirus (HPV) infection. One study investigated the expression of MMP-9 in cervical cancer specimens from 225 cases using immunochemistry assays \[[@B93-sensors-18-03249]\]. Both pro-MMP-9 and active MMP-9 may be detected in this assay. MMP-9 expression was found to be elevated in cervical cancer. Patients with cervical cancer of positive MMP-9 staining tend to have worse overall survival. This study indicates that MMP-9 expression in cervical cancer is an independent prognostic factor. In several other studies, MMP-9 level in plasma was measured and compared between patient group and control groups using enzyme-linked immunosorbent assay (ELISA) \[[@B94-sensors-18-03249],[@B95-sensors-18-03249],[@B96-sensors-18-03249]\]. These studies found that MMP-9 could be a useful biomarker in the diagnosis of cervical cancer in combination with other biomarkers.

2.4. MMP-9 as a Potential Cancer Biomarker in Ovarian Cancer {#sec2dot4-sensors-18-03249}
------------------------------------------------------------

Ovarian cancer, which is the leading cause of gynecologic cancer mortality, is one of most commonly diagnosed cancer among women in the world \[[@B97-sensors-18-03249],[@B98-sensors-18-03249]\]. High-grade serous ovarian cancer (HGSOC) is the most aggressive type of ovarian cancer \[[@B99-sensors-18-03249]\]. MMP-9 has recently been found to be a biomarker of ovarian cancer \[[@B87-sensors-18-03249],[@B88-sensors-18-03249]\]. A recent study about biomarkers of HGSOC showed that inactive pro-MMP-9 in Annexin V-binding extracellular vesicles (EV) was a putative HGSOC biomarker \[[@B99-sensors-18-03249]\]. In this study, the authors isolated different extracellular vesicle types from the ascites of ovarian cancer patients and a control group (patients with cirrhosis). They found that MMP-9 level was higher in Annexin V-binding EVs of malignant samples compared to portal-hypertensive ascites. This research indicates that inactive pro-MMP-9 in Annexin V-binding EVs could be an HGSOC biomarker.

2.5. MMP-9 as a Potential Cancer Biomarker in Pancreatic Cancer {#sec2dot5-sensors-18-03249}
---------------------------------------------------------------

A recent study identified MMP-9 as an elevated expression protein in pancreatic juice from pancreatic ductal adenocarcinoma (PDAC) patients compared with that of healthy controls using an experimental design based on proteomic analysis and tandem mass spectrometry \[[@B100-sensors-18-03249]\]. This discovery was confirmed by western blot assay and immunohistochemical study. In this research, both pro-MMP-9 and active MMP-9 were detected in immunohistochemical assay and western blot assay. Besides, serum MMP-9 levels measured by ELISA were found to be significantly higher in PDAC patients than those in healthy controls or patients of another control group (chronic pancreatitis patient group) \[[@B100-sensors-18-03249]\]. This research showed that MMP-9 is a potential biomarker for pancreatic cancer.

2.6. MMP-9 as a Potential Cancer Biomarker in Osteosarcoma {#sec2dot6-sensors-18-03249}
----------------------------------------------------------

A recent meta-analysis study evaluated the diagnostic value of MMP-9 as a biomarker to osteosarcoma \[[@B101-sensors-18-03249]\]. It indicated that MMP-9 could be a potential biomarker for osteosarcoma. In this meta-analysis, pooled sensitivity, pooled specificity, the diagnostic odds ratio (DOR) and the area under the receiver operating characteristic curve (AUC) were calculated. In this analysis, pooled sensitivity, pooled specificity and DOR of MMP-9 for osteosarcoma were found to be 0.78 (95% confidence interval CI: 0.730--0.83), 0.90 (95% CI: 0.79--0.95) and 31.20 (95% CI: 11.97--81.31), respectively \[[@B101-sensors-18-03249]\]. AUC, which can assess the discriminating ability of biomarkers, was found to be 0.87 (95% CI: 0.83--0.89). Substantial heterogeneity exists in this study. Another recent meta-analysis evaluated the prognostic significance of MMP-9 expression for osteosarcoma risk, and found that MMP-9 expression was associated with an increased mortality rate of osteosarcoma during the follow-up research \[[@B102-sensors-18-03249]\]. The risk ratio (RR), its 95% confidence intervaland the *p*-value of pooled RR Z-test (risk ratio = 2.79, 95% CI: 1.96--3.97, *p* \< 0.00001) were determined in this study \[[@B102-sensors-18-03249]\].

2.7. MMP-9 as a Potential Cancer Biomarker in Breast Cancer {#sec2dot7-sensors-18-03249}
-----------------------------------------------------------

Many studies have explored the value of MMP-9 as a biomarker for breast cancer. Some of these studies are highlighted here.

In a previous study, one group of researchers investigated MMP-9 expression in normal human breast tissue and in breast cancer tissue of different molecular subtypes \[[@B103-sensors-18-03249]\]. This study showed that MMP-9 expression in healthy breast tissue is low. It found a significant increase in MMP-9 expression in breast cancer cells. This result is consistent with some other research \[[@B104-sensors-18-03249],[@B105-sensors-18-03249],[@B106-sensors-18-03249]\]. In the immunohistochemical analysis of this study, both pro-MMP-9 and active MMP-9 were detected \[[@B103-sensors-18-03249]\]. Additionally, the study found that MMP-9 was differentially expressed within different molecular subtypes of breast cancer. Overexpression of MMP-9 is a clear feature of triple-negative and HER2-positive breast cancers \[[@B103-sensors-18-03249]\]. Overexpression of MMP-9 was also found in metastatic lymph nodes. In another recent study, researchers found that, in breast cancer tissues, MMP-9 and MMP-2 expression levels were correlated with lymph node metastasis and tumor staging \[[@B106-sensors-18-03249]\]. Both pro-MMP-9 and active MMP-9 were detected in the immunohistochemical analysis of this study \[[@B106-sensors-18-03249]\].

Another recent study investigated the possibility of utilizing MMP-9 and RhoA level for breast cancer risk assessment through patient stratification \[[@B107-sensors-18-03249]\]. Using active MMP-9 activity levels in serum and RhoA expression patterns in circulating leucocytes, the authors developed a non-invasive multiparametric approach to stratify patients with breast cancer. The results showed that this stratification approach using MMP-9/RhoA biomarker-combination might be useful for early breast cancer diagnostics, although the authors admitted the existence of limitations in the stratification system.

Other research investigated multiple biomarkers in metastatic breast cancer patients, including serum neuron-specific enolase (NSE) level, serum MMP-9 level, and serum HER2 extracellular domain level (ECD) \[[@B108-sensors-18-03249]\]. MMP-9 level in this study included both pro-MMP-9 and active MMP-9. The correlation of these biomarkers with the presence of brain metastasis in metastatic breast cancer patients was evaluated. The samples group was found to contain serum from breast cancer with brain metastases, and the control group to contain serum from metastatic breast cancer patients without central nervous system involvement. This study showed that serum NSE, MMP-9, and HER2 ECD levels were significantly higher in patients with brain metastasis. In multivariate analysis, metastatic breast cancer patients with brain metastases can be accurately discriminated by serum HER2 ECD levels and serum MMP-9 levels from those patients without brain metastases.

2.8. MMP-9/MMP-2 Ratio as a Potential Cancer Biomarker in Hepatitis B Virus-Related Hepatocellular Carcinoma {#sec2dot8-sensors-18-03249}
------------------------------------------------------------------------------------------------------------

In a recent study, researchers measured MMP-9/MMP-2 ratios in serum samples from chronic hepatitis B patients by zymography. Serum samples used in this study were from 52 healthy carriers, 47 chronic hepatitis patients, 50 cirrhosis patients and 32 hepatitis B virus-related hepatocellular carcinoma patients \[[@B109-sensors-18-03249]\]. The authors observed that serum MMP-9/MMP-2 ratios in hepatitis B virus-related hepatocellular carcinoma patients were significantly higher than those of other groups (healthy carriers, chronic hepatitis patients and cirrhosis patients). The sensitivity and specificity of this evaluation was also calculated. Additionally, this research found that MMP-9/MMP-2 ratios in advanced, inoperable hepatitis B virus-related hepatocellular carcinoma patients were significantly higher than those in early-stage hepatitis B virus-related hepatocellular carcinoma patients. This research indicates that serum MMP-9/MMP-2 ratio is a potential biomarker of hepatitis B virus-related hepatocellular carcinoma.

2.9. MMP-9/NGAL Complex as a Potential Cancer Biomarker {#sec2dot9-sensors-18-03249}
-------------------------------------------------------

MMP-9 and neutrophil gelatinase associated lipocalin (NGAL) proteins can form MMP-9/NGAL complex through disulfide bridges \[[@B75-sensors-18-03249],[@B110-sensors-18-03249],[@B111-sensors-18-03249]\]. NGAL, which is a member of lipocalin superfamily protein, plays a role in innate immunity during bacterial infections, and is a promising biomarker for kidney diseases \[[@B111-sensors-18-03249],[@B112-sensors-18-03249],[@B113-sensors-18-03249],[@B114-sensors-18-03249],[@B115-sensors-18-03249]\]. Formation of MMP-9/NGAL complex increases MMP-9 stability by protecting it from degradation. Some research already explored MMP-9/NGAL complex as a potential biomarker in some cancers \[[@B116-sensors-18-03249],[@B117-sensors-18-03249],[@B118-sensors-18-03249]\]. For instance, one study showed that urinary MMP-9/NGAL complex was a potential noninvasive biomarker for gastric cancer, while another study found that MMP-9/NGAL activity was a potential biomarker in glioma \[[@B117-sensors-18-03249],[@B118-sensors-18-03249]\]. MMP-9/NGAL complex is a promising biomarker because it may have relatively high specificity. The development of biosensors which can specifically detect MMP-9/NGAL complex is vital to this fields.

3. Recent Advances in MMP-9 Biosensor Research {#sec3-sensors-18-03249}
==============================================

Although some methods (such as ELISA) can detect MMP-9, the development of MMP-9 biosensors with high sensitivity, specificity, selectivity and compatibility is necessary. Some recent studies developed several novel MMP-9 biosensors which can improve MMP-9 detection. For some MMP-9 biosensors, the design strategy based on the knowledge that activated MMP-9 could recognize specific MMP-9 cleavage site within peptide or protein to conduct proteolytic cleavage. Among other strategies, peptide-cleavage based biosensors are one crucial group of MMP-9 biosensors.

3.1. Cleavage-Based MMP-9 Biosensors {#sec3dot1-sensors-18-03249}
------------------------------------

In a recent study, researchers produced an electrode-free electrochemical biosensor to detect MMP-9 ([Figure 4](#sensors-18-03249-f004){ref-type="fig"}) \[[@B119-sensors-18-03249]\]. In this study, a redox reporter labeled peptide with MMP-9 cleavage site was used. Methylene blue (MB) was conjugated at the N-terminal of this peptide. This peptide was immobilized on Au electrodes through a thiolate bond at its C-terminal ([Figure 4](#sensors-18-03249-f004){ref-type="fig"}) \[[@B119-sensors-18-03249]\]. In the presence of MMP-9, the specific substrate peptide of MMP-9 was cleaved by it. This peptide cleavage will release electroactive MB-peptide fragment from the electrodes which can influence electrical tunneling current, which itself can be measured to detect MMP-9 ([Figure 4](#sensors-18-03249-f004){ref-type="fig"}). This biosensor can detect relatively low concentrations of MMP-9 down to about 7 pM.

Another study designed a MMP-9 biosensor using hydrogel film \[[@B120-sensors-18-03249]\]. In this biosensor design, electrodes were firstly coated with oxidized dextran, and specific peptide substrate of MMP-9 containing specific MMP-9 cleavage site was then cross-linked to dextran to form hydrogel layer ([Figure 5](#sensors-18-03249-f005){ref-type="fig"}). Therefore, if MMP-9 causes cleavage of peptide substrate at the MMP-9 cleavage site, the hydrogel layer will be degraded, which will generate a signal of this biosensor ([Figure 5](#sensors-18-03249-f005){ref-type="fig"}). This biosensor displays a negative response to MMP-2, which indicates high specificity to MMP-9 detection. This design makes MMP-9 detection much faster and more straightforward.

In other recent study, a group designed a novel Förster Resonance Energy Transfer (FRET)-based MMP-9 activity biosensor which could continuously monitor MMP-9 activity in vivo \[[@B121-sensors-18-03249]\]. This biosensor is a chimeric protein which contains donor fluorescent protein (teal fluorescent protein) region, acceptor fluorescent protein (two tandem venus proteins) region and linker region. This linker region contains specific MMP-9 cleavage site ([Figure 6](#sensors-18-03249-f006){ref-type="fig"}). Additionally, this biosensor contains a signal peptide and a transmembrane domain. Therefore, this chimeric protein can be displayed and anchored in the plasma membrane ([Figure 6](#sensors-18-03249-f006){ref-type="fig"}). This biosensor was optimized to ensure the highest FRET efficiency before the cleavage of linker region by MMP-9. In the presence of MMP-9, this specific MMP-9 cleavage site within the linker region will be cleaved. This cleavage will result in the separation of acceptor proteins region from the donor region, which will lead to the modification of the FRET signal ([Figure 6](#sensors-18-03249-f006){ref-type="fig"}). This design of MMP-9 biosensor can be used for the in vivo imaging of MMP-9 activity, which is especially valuable for investigating the biological role of MMP-9 during pathological processes such as tumor development, cancer metastasis and cancer angiogenesis. Additionally, this biosensor gives readouts of activity with high spatial resolution.

Several nanotechnology-based MMP-9 biosensors have been generated recently. For example, one study developed an MMP-9 biosensor based on nanocluster/graphene nanocomplex ([Figure 7](#sensors-18-03249-f007){ref-type="fig"}) \[[@B122-sensors-18-03249]\]. In this study, gold nanoclusters (AuNCs) were firstly synthesized using a peptide (with a MMP-9 cleavage site) and mercaptoundecanoic acid (MUA) as co-templating ligands. These AuNCs were then absorbed by graphene oxide (GO) surface to generate a peptide-MUA/AuNC/GO nanocomplex (pMAG) \[[@B122-sensors-18-03249]\]. Graphene oxide can quench the AuNC fluorescence. During detection, active MMP-9 can cleave peptide of this nanocomplex (pMAG) at the specific MMP-9 cleavage site. This peptide cleavage will cause the dequenching of AuNC fluorescence. By detecting dequenched fluorescence, this biosensor can detect MMP-9 with high sensitivity and selectivity. Additionally, the authors used this biosensor to detect MMP-9 secreted from human adenocarcinoma cancer cells (MCF-7cells) to test its sensitivity. The detection limit of this biosensor is 2.5 ng/mL, and it only detects active MMP-9. The inhibition of MMP-9 activity causes a reduced signal.

Another study developed a nanodiamond-based MMP-9 biosensor \[[@B123-sensors-18-03249]\]. In this biosensor, a fluorescent-labeled peptide with MMP-9 cleavage site is bonded to nanodiamond. With the presence of active MMP-9, this peptide will be cleaved. Cleavage will cause changes in fluorescence signal which can be detected during measurement. This biosensor has high selectivity and sensitivity.

3.2. Non-Cleavage-Based MMP-9 Biosensors {#sec3dot2-sensors-18-03249}
----------------------------------------

One recent study developed an electrochemical magneto-immunosensor which could rapidly detect plasma MMP-9 (in less than 15 min) \[[@B124-sensors-18-03249]\]. The researchers produced an immuno-modified Poly-HRP conjugate (bd-PAb/Poly-HRP) as an immuno-modified Poly-HRP signal amplifier, which was the key for this single-step magneto-immunoassay ([Figure 8](#sensors-18-03249-f008){ref-type="fig"}). Additionally, electrochemical detection was also optimized to finish detection efficiently. This biosensor can detect MMP-9 much faster and more straightforwardly compared to regular ELISA. Furthermore, this biosensor may detect both pro-MMP-9 and activate MMP-9.

In another recent study, the authors reported a novel aptamer-based MMP-9 biosensor ([Figure 9](#sensors-18-03249-f009){ref-type="fig"}) \[[@B125-sensors-18-03249]\]. This biosensor is a dual aptamer-based piezoelectric biosensor which can detect the active form of MMP-9 with very high sensitivity. In the study, the authors showed that the detection limit in a buffer and untreated sera were 1.2 pM and 6.8 pM, respectively. Two different aptamers which can bind to different regions of MMP-9 without competition and unspecific interaction were used in this dual aptamer-based biosensor with a sandwich-like approach ([Figure 9](#sensors-18-03249-f009){ref-type="fig"}). Primary aptamer (aptamer F3B) was immobilized in the sensor surface through thiols/carboxylated dextran chemistry which can immobilize biotinylated sequences through streptavidin binding ([Figure 9](#sensors-18-03249-f009){ref-type="fig"}). Secondary aptamer (aptamer 8F14A), which can target MMP-9 on a second epitope, was utilized as a signal enhancer. The enhancement may be due to the supra-molecular architecture formed on the surface of this sensor during detection. This architecture may lead to rapid improvement of the recorded response. A quartz crystal microbalance (QCM) was applied to achieve piezoelectric transduction for this biosensor. MMP-9 detection using commercial human sera as samples was also conducted as a proof of concept. This dual aptamer-based biosensor was able to efficiently avoid immunoglobulin G (IgG) interference in this evaluation. It can detect active MMP-9 in these samples. In this study, both the specificity and sensitivity of the dual aptamer-based MMP-9 biosensor were demonstrated.

A novel surface plasmon resonance (SPR) immunosensor of MMP-9 was recently reported ([Figure 10](#sensors-18-03249-f010){ref-type="fig"}) \[[@B126-sensors-18-03249]\]. One advantage of SPR immunosensor is that it allows real-time and label-free detection. Similar to most SPR immunosensors, the mechanism of this biosensor is based on antigen--antibody interactions ([Figure 10](#sensors-18-03249-f010){ref-type="fig"}) \[[@B126-sensors-18-03249]\]. In this research, a monoclonal anti-MMP-9 antibody was firstly immobilized via its primary amine groups onto carboxymethyldextran (CMD) chip surface using a covalent coupling method to generate a sensor chip. During MMP-9 detection, the interaction between MMP-9 and monoclonal anti-MMP-9 antibody will influence the refractive index. MMP-9 can be detected by measuring the changes of refractive index using a SPR device. The detection limit of this MMP-9 biosensor is 8 pg/mL. This biosensor can detect both pro-MMP-9 and active MMP-9. This research also used this biosensor to measure MMP-9 in saliva samples (from chronic periodontitis patients and healthy controls) as a proof of concept. The study shows that this biosensor can detect MMP-9 with a high reproducibility and sensitivity. Furthermore, this biosensor is reusable.

4. Conclusions and Outlook {#sec4-sensors-18-03249}
==========================

This review summarizes some recent advances in exploring MMP-9 as a potential biomarker in cancers, and recent discoveries of novel MMP-9 biosensors are also presented. Exploring the utilization of MMP-9 as a cancer biomarker is a promising research area. MMP-9 has the potential to be clinically applied in tools in some types of cancer. MMP-9 biosensor research is a critical field for the translational application of knowledge about using MMP-9 as a biomarker.

Although MMP-9 has been found to be a potential cancer biomarker in several types of cancer, many improvements are still needed in this research area. Firstly and most importantly, to explore the translational application value of MMP-9 as a potential cancer biomarker (or as one biomarker within a biomarker combination) in one specific cancer, systematic high quality evaluations are critical. Such evaluations should usually involve a large number of individuals in patient groups and healthy groups. If a conclusion about the value of an application can be achieved through a strict evaluation, it will be a significant achievement. This kind of research, which usually requires much effort and input, is still rare. Secondly, translational research which can translate some MMP-9 biosensors with applicational value into real clinical application is fundamental. If more progress in the translational application is achieved, it will dramatically advance this field. MMP-9 inhibitors are the basis for targeting MMP-9 in some cancers and other diseases, and this field may achieve breakthroughs in the future.
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